Insulin-like growth factor-binding protein 2 (IGFBP2) is increasingly recognized as a glioma oncogene, emerging as a target for therapeutic intervention. In this study, we used an integrative approach to characterizing the IGFBP2 network, combining transcriptional profiling of human glioma with validation in glial cells and the replicationcompetent ASLV long terminal repeat with a splice acceptor/tv-a glioma mouse system. We demonstrated that IGFBP2 expression is closely linked to genes in the integrin and integrin-linked kinase (ILK) pathways and that these genes are associated with prognosis. We further showed that IGFBP2 activates integrin β1 and downstream invasion pathways, requires ILK to induce cell motility, and activates NF-κB. Most significantly, the IGFBP2/integrin/ILK/NF-κB network functions as a physiologically active signaling pathway in vivo by driving glioma progression; interfering with any point in the pathway markedly inhibits progression. The results of this study reveal a signaling pathway that is both targetable and highly relevant to improving the survival of glioma patients. E levated insulin-like growth factor-binding protein 2 (IGFBP2) expression is found in many malignancies and can often serve as a prognostic factor (1). It is one of the most consistently elevated proteins in high-grade glioma, and high IGFBP2 expression is directly correlated with poor survival (2, 3). The finding that IGFBP2 is a driver of glioma development and progression in a spontaneous mouse model has provided the most convincing evidence of the significance of IGFBP2 in glioma (4). Given the clinical challenge of treating glioma and the lack of effective therapies, the elucidation of key protein-signaling networks that are essential to tumor growth and maintenance, such as IGFBP2, could provide new approaches to therapeutic intervention and significantly affect clinical outcome.
Insulin-like growth factor-binding protein 2 (IGFBP2) is increasingly recognized as a glioma oncogene, emerging as a target for therapeutic intervention. In this study, we used an integrative approach to characterizing the IGFBP2 network, combining transcriptional profiling of human glioma with validation in glial cells and the replicationcompetent ASLV long terminal repeat with a splice acceptor/tv-a glioma mouse system. We demonstrated that IGFBP2 expression is closely linked to genes in the integrin and integrin-linked kinase (ILK) pathways and that these genes are associated with prognosis. We further showed that IGFBP2 activates integrin β1 and downstream invasion pathways, requires ILK to induce cell motility, and activates NF-κB. Most significantly, the IGFBP2/integrin/ILK/NF-κB network functions as a physiologically active signaling pathway in vivo by driving glioma progression; interfering with any point in the pathway markedly inhibits progression. The results of this study reveal a signaling pathway that is both targetable and highly relevant to improving the survival of glioma patients.
E levated insulin-like growth factor-binding protein 2 (IGFBP2) expression is found in many malignancies and can often serve as a prognostic factor (1) . It is one of the most consistently elevated proteins in high-grade glioma, and high IGFBP2 expression is directly correlated with poor survival (2, 3) . The finding that IGFBP2 is a driver of glioma development and progression in a spontaneous mouse model has provided the most convincing evidence of the significance of IGFBP2 in glioma (4) . Given the clinical challenge of treating glioma and the lack of effective therapies, the elucidation of key protein-signaling networks that are essential to tumor growth and maintenance, such as IGFBP2, could provide new approaches to therapeutic intervention and significantly affect clinical outcome.
IGFBP2 is a member of the IGF system in which it binds and modulates IGF1 and IGF2 activity (5) ; however, IGFBP2 is better known for its IGF-independent roles in cancer, such as integrin binding through an arginine-glycine-aspartic acid (RGD) motif in the C terminus (6, 7) . The interaction of IGFBP2 with integrin α5 has been reported to promote cellular de-adhesion and migration in Ewing's sarcoma (8) , and we previously found that integrin α5 binding to IGFBP2 is responsible for the promigratory characteristics of glioma cells (7) . Integrins transduce signaling through proteins such as integrin-linked kinase (ILK), which binds to the cytoplasmic domains of β1 and β3 integrins (9) . ILK contributes to the oncogenic phenotype by stimulating invasion and migration, encouraging anchorage-independent growth, and inducing tumor angiogenesis (10) . Although the function of ILK has been intimately associated with integrin function, no association with IGFBP2 has been reported.
IGFBP2 has been reported to influence multiple transcriptional factors, including the up-regulation of NF-κB (6) , which activates the transcription of an array of cancer-promoting genes. NF-κB is constitutively active in many cancers, including glioma (11) (12) (13) . Given that both integrin (14) and ILK (15, 16) signaling have been reported to activate NF-κB, we hypothesized that IGFBP2-induced glioma progression is driven by the integrin/ILK/NF-κB network. In this study, we confirmed its role as a physiologically active signaling pathway in driving glioma progression in a replication-competent ASLV long terminal repeat with a splice acceptor (RCAS)/Ntv-a glial-specific transgenic mouse model. The genetic inhibition of each network component blocked glioma progression; thus, we believe this newly identified network provides promising approaches to therapeutic intervention in glioma with elevated IGFBP2 expression. In this study, we provide evidence that the integrin/ILK/NF-κB network is functional in human glioma and has a crucial effect on patient survival.
Results

IGFBP2
Is Clinically Linked to the Integrin and ILK Pathways. To obtain clinically oriented global information on the IGFBP2 pathway, we used the Repository for Molecular Brain Neoplasia Data (Rembrandt) to determine which genes were correlated with IGFBP2. We input this gene list into Ingenuity Pathway Analysis (IPA) software to determine which pathways were associated with IGFBP2 expression (Dataset S1). Many of the top pathways (6 of 25) were related to cellular migration and invasion. We focused on integrin and ILK signaling because IGFBP2 is known to bind integrin α5 and regulate cell motility through this interaction. To determine whether integrin and ILK pathway genes were enriched in samples with high IGFBP2 expression, we performed a gene set enrichment analysis (GSEA). Indeed, the genes in both pathways were significantly correlated with IGFBP2 (P < 0.001; Fig. 1A and Dataset S2).
To determine the expression patterns of integrin and ILK pathway genes in accordance with IGFBP2 expression and glioma grade, we performed unsupervised hierarchical clustering. Three major clusters formed, including low, intermediate, and high expression ( Fig. 1 B and C) . The clusters were related to IGFBP2 expression and tumor grade, with the high-expression cluster also containing the highest IGFBP2 expression and mostly glioblastoma, indicating a possible positive regulation of integrin and ILK pathway genes by IGFBP2. The pathway genes that were not correlated with IGFBP2 expression (Fig. 1 B and  C) clearly demonstrated an opposing pattern with IGFBP2, suggesting negative regulation. Data deposition: The microarray data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE35467). . P values were calculated using the log-rank test. (E) Kaplan-Meier survival curves based on clusters in B and C. P values were calculated using the log-rank test.
To determine the influence of integrin and ILK pathway gene expression on patient survival, we assessed individual genes, including IGFBP2, integrin α5, integrin β1, and ILK, among all tumor histologies (glioblastoma multiforme, astrocytoma, oligodendroglioma, and mixed). "High" and "low" groups were separated by the midpoint expression value. High expression of each gene was associated with significantly poorer survival (Fig. 1D ). This survival trend remained upon individual evaluation of each glioma histology (Fig. S1 ). In addition, expression levels of integrin and ILK pathway genes (low-, intermediate-, and highexpression clusters) were significantly correlated with patient survival, highlighting the clinical significance of the integrin and ILK pathways in human glioma (Fig. 1E ).
IGFBP2 Regulates Downstream Pathways via Integrin Activation.
To determine the significance of the downstream pathways affected by disruption of IGFBP2/integrin signaling, we performed a complementary DNA (cDNA) microarray analysis to compare two stably expressing cell lines originating from SNB19; two clones expressing a mutant form of IGFBP2 that cannot bind integrin (RGD → RGE point mutation; referred to as RGE mutant); and two clones expressing wild-type IGFBP2. Differentially expressed genes were subjected to IPA. Disruption of integrin binding with IGFBP2 (RGE mutant) led to many significantly altered pathways (Dataset S3). The integrin pathway was confirmed to be altered, and the third most-altered pathway was ILK, followed by other pathways involved in migration and invasion ( Fig. 2A) . GSEA was performed on the basis of absolute differential gene expression using six selected IPA pathways, and each was significantly enriched (Fig. 2B ). The analysis showed that a statistically significant portion of the genes within each pathway were downregulated ( Fig. S2) , indicating that disruption of IGFBP2 and integrin binding led to de-activation of cell motility pathways.
We next performed an immunofluorescence analysis and flow cytometry experiments to validate that IGFBP2 activates integrin β1. Levels of activated β1 were compared among SNB19 parental cells; cells stably expressing IGFBP2; and cells stably expressing RGE-mutant IGFBP2. Activated β1 was detected by HUTS-21 and 12G10, which are antibodies that bind to β1 only when it is in the active conformation (17, 18) . Both parental and RGE-mutant cells exhibited a moderate level of activated β1 staining. Activated integrins were localized throughout the cytoplasm and on focal adhesions. In contrast, IGFBP2-expressing cells had high levels of staining, localized primarily along the leading edge of the cell (Fig. 2C) . 4B7R, an antibody that recognizes all β1 conformations, served as the control. To further confirm that IGFBP2 activates integrin β1, we performed a flow cytometry analysis, the results of which confirmed the immunofluorescence data. The parental and RGE-mutant cells exhibited low levels of activated integrin, as measured with the HUTS-21 or 12G10 antibodies, whereas a higher proportion of cells was recognized by these antibodies in IGFBP2-overexpressing cells (Fig. 2D) . 4B7R again served as the control, with similar levels of total β1 integrin among the cell lines, indicating that the difference in β1 activation was not merely due to increased expression.
ILK Is Required for IGFBP2-Induced Cell Mobility. Because the ILK pathway was significantly enriched in IGFBP2-correlated genes and strongly affects patient prognosis, we assessed the functionality of ILK in the IGFBP2 network. Given that cell mobility is a major function of IGFBP2, we determined whether ILK was required by knocking down ILK in IGFBP2-expressing SNB19 cells and performing wound-healing assays. ILK knockdown resulted in a marked decrease in migration in IGFBP2-expressing cells compared with control siRNA or parental cells (Fig.  3A) . IGFBP2-expressing SNB19 cells migrated into the wound in a significantly higher proportion than did parental cells (P < 0.01; Fig. 3B ). In contrast, IGFBP2 cells treated with ILK siRNA exhibited a significant decrease in the wound-closure rate relative to IGFBP2 cells treated with control siRNA (P < 0.05; Fig.  3B) . A Western blot analysis confirmed that ILK was sufficiently knocked down and further revealed that ILK protein levels were increased in IGFBP2-overexpressing cells (Fig. 3C) .
We previously reported that IGFBP2/integrin binding leads to activation of Rac, an important protein in lamellipodia formation (7). Therefore, we determined whether ILK is also critical in this pathway. Immunofluorescence staining of F-actin and Rac demonstrated that F-actin was localized mostly to focal adhesions or throughout the cell membrane in parental cells but concentrated on the lamellipodia in IGFBP2 cells. Upon ILK knockdown, the cells' morphologic characteristics became elongated, with fewer lamellipodia, and F-actin was present mainly in the focal adhesions. Rac was dispersed throughout the cytoplasm in parental cells but localized at the leading edge in IGFBP2 cells. Knockdown of ILK in IGFBP2 cells led to Rac's movement to the cell tail (Fig. 3D) . To confirm Rac activation in these cells, we performed a Rac activation assay. IGFBP2 cells with ILK knockdown had significantly less activated Rac than did IGFBP2 cells that were untreated or treated with control siRNA (Fig. 3 E  and F) . These results indicate that ILK plays a direct role in IGFBP2/integrin α5-induced glioma cell migration. Changes in IGFBP2 expression via microarray analysis resulted in alterations in the expression of many genes, suggesting that IGFBP2 affects a transcriptional program via an unknown mechanism. Because NF-κB is a major transcriptional factor that controls a variety of cancer-related genes, we next determined whether it plays a role in the IGFBP2 pathway. We evaluated NF-κB target gene expression from both the SNB19 cell line microarray and the Rembrandt database. Enrichment of NF-κB target genes was observed in stably expressing IGFBP2 cell lines (Fig. S3) . The Kolmogorov-Smirnov statistic was used to determine whether NF-κB target genes were significantly correlated with IGFBP2 expression in human glioma. NF-κB target genes were significantly enriched (P < 0.01; Fig. 4A and Table S1 ), although not as strongly as in the integrin and ILK pathways. NF-κB regulates many genes, resulting in pleiotropic effects ranging from immune regulation to cellular invasion. Therefore, we evaluated the NF-κB target genes that were positively correlated with IGFBP2. A Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed that these genes were enriched in migration and invasion-related pathways, such as extracellular matrix-receptor interaction and focal adhesion. In contrast, target genes that were not correlated with IGFBP2 (Pearson correlation below 0.5) were not enriched in migration and invasion pathways, indicating that IGFBP2 likely activates an invasion-related NF-κB transcriptional program (Fig. 4B) .
To validate that IGFBP2 activates NF-κB and to determine the role of integrin signaling in NF-κB activation, we used SNB19 parental, RGE-mutant, and wild-type IGFBP2 cells. A Western blot analysis of the extracts revealed high levels of p65 and p50 in wildtype IGFBP2 cells compared with low levels in parental and RGEmutant cells (Fig. 4C) . NF-κB/DNA binding was additionally assessed via an electrophoretic mobility shift assay (EMSA). Parental and RGE-mutant IGFBP2 cells exhibited low levels of DNA binding, whereas strong binding was observed in wild-type IGFBP2 extracts. Supershift assays confirmed that the binding was specific for p65 and p50 (Fig. 4D) . Luciferase assays demonstrated that NF-κB transcriptional activity was significantly increased in cells expressing IGFBP2 versus parental or RGE-mutant cells (P < 0.0001; Fig. 4D ), validating that IGFBP2 activates NF-κB through integrin signaling.
Integrin, ILK, and NF-κB Regulate IGFBP2-Induced Glioma Progression.
We have demonstrated that IGFBP2's relationship with integrin, ILK, and NF-κB is clinically significant and further validated that each is functional in vitro. We next determined whether these pathways play a critical role in glioma progression under physiologic conditions in a glioma mouse model that was initially tumor-free. We used the RCAS/Ntv-a glial-specific transgenic mouse model to test our hypothesis in vivo. This system uses an avian retrovirus, RCAS, to infect cells expressing the avian tv-a receptor (19) . Ntva mice have been engineered to express the tv-a receptor under the control of the nestin promoter (20) . Nestin directs tv-a receptor expression to glial progenitor cells, leaving the remaining resident cells unaffected after RCAS infection. RCAS constructs containing the gene of interest are transfected into avian DF-1 fibroblast cells and subsequently injected intracranially into Ntv-a mice on postnatal day 1. If the gene or combination of genes is oncogenic, mice form gliomas that closely resemble human glioma in their pathogenic features, including perinuclear satellitosis, vascular proliferation, and pseudopalisading necrosis (21) (22) (23) .
Using this mouse model, we previously demonstrated that intracranial injection of platelet-derived growth factor β (PDGFB) led to the development of low-grade diffuse glioma (LGDG) in most mice. Codelivery of IGFBP2 and PDGFB resulted in the development of high-grade diffuse glioma (HGDG) in nearly half the mice (4). We therefore used this glioma progression model to determine whether IGFBP2/integrin binding, ILK, and NF-κB are physiologically active pathways in vivo and determine their role in IGFBP2-mediated glioma progression.
To determine whether IGFBP2/integrin binding was required for progression, we injected RCAS-PDGFB alone or with RCAS vectors encoding the wild-type or RGE-mutant IGFBP2. PDGFB alone led to glioma formation in more than 83% (35/42) of mice; in 11% of these mice, the gliomas showed vascular proliferation or foci of necrosis, which qualified them as HGDG lesions. Codelivery of wild-type IGFBP2 and PDGFB produced gliomas in 72% (36/50) of mice, of which 44% were classified as HGDG; these findings were similar to those of our previous study (4) . Codelivery of IGFBP2 (RGE) with PDGFB resulted in a 78% (25/32) glioma incidence, but strikingly, only 4% of these were classified as HGDG, indicating that the integrin-binding function of IGFBP2 is critical for its ability to drive glioma progression (Fig. 5 and Table S2 ).
We next determined whether ILK produced an effect similar to that of IGFBP2 and whether kinase-dead ILK (ILK-KD) was capable of blocking IGFBP2-mediated progression. Wild-type ILK or ILK-KD (S343A) was injected with PDGFB. Wild-type ILK led to a significant increase in HGDG incidence compared with PDGFB alone (from 11 to 49%, P = 0.0007), with a similar proportion of anaplastic progression as the PDGFB and IGFBP2 combination. In contrast, ILK-KD combined with PDGFB did not produce a significant increase in HGDG incidence (14 vs. 11%, P = 0.100). When ILK-KD was coinjected with IGFBP2 and PDGFB, an 18% HGDG incidence was observed, which also was not statistically significantly different from that for PDGFB alone, indicating that ILK is a critical downstream effector of the IGFBP2 pathway (Fig. 5 and Table S2 ).
We determined the role of NF-κB in IGFBP2-induced glioma progression by coinjecting a mutant form of IκBα (IκBαM; S32,36A) with PDGFB and IGFBP2 or PDGFB and ILK. IκBαM inhibited NF-κB activation by retaining it in the cytoplasm. Strikingly, inhibiting NF-κB in the IGFBP2 combination produced LGDG tumors in all of the mice, suggesting that IGFBP2 requires NF-κB to induce progression. Similarly, inhibiting NF-κB in the ILK combination also prevented progression (22% grade 3 incidence; P = 0.42 vs. PDGFB alone).
Thus, IGFBP2 drives glioma progression through integrin signaling, ILK, and NF-κB; genetically blocking any step of the pathway robustly prevents glioma progression, highlighting the potential therapeutic value of these findings (Fig. 5D ).
Discussion
Elucidating complex oncogenic signaling pathways is necessary to identify potential therapeutic targets that can be translated into clinical treatments. Although IGFBP2 is now recognized as an important oncogene in glioma progression, its signaling pathway and mechanism of action had been under-characterized. In the current study, we combined transcriptional profiling of human glioma, biochemical analysis, and perturbation of IGFBP2-associated pathways and a spontaneous glioma mouse model to determine the clinical significance of IGFBP2 in relation to the integrin and ILK pathways and to NF-κB transcriptional regulation of invasion-related target genes. We found that blocking any constituent of the integrin/ILK/NF-κB network prevented IGFBP2-driven glioma progression in vivo.
The major function of IGFBP2 in glioma is regulating cellular migration and invasion. In our previous study, we found that tumors that arose from Ink4a-Arf loss and PDGFB overexpression had elevated endogenous IGFBP2 levels that were localized at the invasive front (24) , providing compelling evidence that IGFBP2 plays a dominant role in tumor invasion. Although IGFBP2 has been shown to promote cell migration through an integrin interaction, little else was known about the functional significance of this interaction. From the genomics analysis in which IGFBP2/integrin binding was disrupted in glioma cell lines, we demonstrated that multiple pathways were de-activated, most notably the cell motility and invasion pathways. These data closely mirrored findings in human glioma, in which IGFBP2 expression is not only intimately associated with integrin and ILK pathway activation but also is significantly correlated with prognosis.
In this study, we demonstrated that IGFBP2 activates integrin β1 and downstream pathways, requires ILK for cell migration, and activates NF-κB. The most decisive evidence of these findings is functional validation that these relationships represent a true physiologically active signaling pathway in vivo. Cell culture experiments and in vivo analysis in xenografts answer key questions, but better systems are required to ultimately test clinical applicability and significance. The RCAS/Ntv-a spontaneous glioma mouse model has enabled us to closely recapitulate human glioma by transforming normal murine glial cells with combinations of clinically relevant oncogenes (25) . This study further uses this model to dissect an entire signaling pathway. We validated that IGFBP2 drives glioma progression through an integrin/ILK/NF-κB network and, most importantly, showed that genetically blocking each point prevented progression.
The diffusely infiltrative nature of glioma cells makes complete surgical resection difficult and is a major contributor to rapid tumor recurrence. Therefore, targeted disruption of the IGFBP2/integrin/ILK/NF-κB pathway and subsequent inhibition of migration may decrease the likelihood of tumor recurrence and invasion into surrounding parenchyma, preventing the destruction of normal brain architecture. No IGFBP2 inhibitors are available; however, integrin (26) , ILK (27, 28) , and NF-κB (29) are druggable targets that have been used in preclinical studies and clinical trials. These drugs could be used to target glioma with high IGFBP2 expression either in combination or with current standard therapy. In summary, IGFBP2 is a strong, clinically relevant oncogene that exploits an integrin/ILK/NF-κB network to create the major driving force behind glioma progression, providing a convincing argument that inhibition of this pathway should be investigated clinically. We are hopeful that IGFBP2 pathway inhibition will result in tumor regression and a subsequent survival benefit, not only for glioma patients but also for patients with a broad range of other cancers.
Materials and Methods
Animal Care, RCAS Injection, and Tumor Pathologic Analysis. DF-1 cells encoding RCAS viral particles were collected, mixed, and suspended in 1× PBS, and 2 μL of the cell suspension was injected into the right hemisphere of postnatal day 1 Ntv-a mice using a Hamilton syringe. Mice were euthanized upon evidence of brain tumor or after 13 wk. The brains were collected as described previously (4) and graded by a neuropathologist. All animal experiments were performed in accordance with the University of Texas MD Anderson Cancer Center Institutional Animal Care and Use Committee guidelines.
Bioinformatic Analysis. We performed a human glioma analysis of gene expression microarray data from the National Cancer Institute Rembrandt public data repository (30), which is composed of 329 tumors: 59 oligodendrogliomas, 102 astrocytomas, and 178 glioblastomas. Single-gene survival analysis of human glioma was separated by midpoint expression value. Gene sets for all pathways were obtained from IPA software. The NF-κB target gene set was compiled from http://bioinfo.lifl.fr/NF-KB/ and TRANSFAC and composed of validated human genes. See SI Materials and Methods for KEGG. For GSEA, gene sets were ranked according to Pearson correlation with IGFBP2, and an enrichment score (ES) was calculated on the basis of the Komogorov-Smirnov statistic. P values were calculated by comparing ES to 1,000 random permutations. Hierarchical clustering was performed on genes in integrin and ILK pathways that were correlated more than 0.5 (positive or negative). The distance metric was L1, using the unweighted mean distance as the linkage criterion. Groups were highlighted manually. See SI Materials and Methods for details on microarray preparation. Genes, with their expression values, were uploaded to IPA v8.6-3003 (http://www.ingenuity. com) to perform pathway analysis. The differentially expressed genes were identified in IPA by selecting genes with expression values below a twofold cutoff. The Ingenuity knowledge base (genes only) was used as a reference set.
Statistical Analysis. Wound healing and luciferase assay results were analyzed by ANOVA, followed by Bonferroni's multiple comparison test. The log-rank test was used to obtain a P value for the significance of Kaplan-Meier curves' divergence. The statistical significance of the mouse tumor data were determined using a two-ends Fisher's exact test. A significance level was set at P < 0.05 for all tests.
